Introduction
Hyperandrogenemia is a salient feature in many women who suffer irregular menses, oligo/anovulation, and infertility, including women with polycystic ovary syndrome (PCOS) (1), classic and nonclassic (late-onset) congenital adrenal hyperplasia (CAH) (2) (3) (4) (5) , exogenous testosterone treatment in female to male transsexuals (6) (7) (8) (9) (10) , exogenous androgen use (body builders), or environmental toxicity (11) . Although each of these conditions feature androgen excess, in some cases (e.g., PCOS), it is not clear whether increased androgen levels are a consequence of reproductive pathology or directly contribute to the progression of reproductive pathology.
Several models have been developed in rodents and other animals to probe the effects of androgens on the reproductive axis (4, (12) (13) (14) (15) (16) (17) . These models showed reproductive dysfunction but were also associated with obesity. This is problematic because obese female rodents and women have higher circulating testosterone levels and impaired fertility (18) (19) (20) . Consequently, it is not possible to determine whether the phenotype is caused by the androgen excess or obesity. To address this problem, we created an adult mouse model (21) (22) (23) that develops reproductive and metabolic dysfunction within 2 weeks after chronic 5α-dihydrotestosterone (DHT) exposure from a pellet containing DHT (2xDHT mice). This model produces serum DHT levels in mice that are 2-fold higher than in controls. Importantly, the mildly elevated levels resemble the 1.5-to 3.9-fold elevation of testosterone and DHT in Many women with hyperandrogenemia suffer from irregular menses and infertility. However, it is unknown whether androgens directly affect reproduction. Since animal models of hyperandrogenemia-induced infertility are associated with obesity, which may impact reproductive function, we have created a lean mouse model of elevated androgen levels using implantation of low-dose 5α-dihydrotestosterone (DHT) pellets to separate the effects of elevated androgen levels from obesity. The hypothalamic-pituitary-gonadal axis controls reproduction. While we have demonstrated that androgens impair ovarian function, androgens could also disrupt neuroendocrine function at the level of brain and/or pituitary to cause infertility. To understand how elevated androgen levels might act on pituitary gonadotropes to influence reproductive function, female mice with disruption of the androgen receptor (Ar) gene specifically in pituitary gonadotropes (PitARKO) were produced. DHT-treated control mice with intact pituitary Ar (Con-DHT) exhibited disrupted estrous cyclicity and fertility with reduced pituitary responsiveness to gonadotropin-releasing hormone (GnRH) at the level of both calcium signaling and luteinizing hormone (LH) secretion. These effects were ameliorated in DHT-treated PitARKO mice. Calcium signaling controls GnRH regulation of LH vesicle exotocysis. Our data implicate upregulation of GEM (a voltage-dependent calcium channel inhibitor) in the pituitary as a potential mechanism for the pathological effects of androgens. These results demonstrate that gonadotrope AR, as an extraovarian regulator, plays an important role in reproductive pathophysiology.
women with PCOS (4, (24) (25) (26) (27) (28) (29) (30) . Notably, the 2xDHT mice do not exhibit alterations of basal serum estradiol, testosterone, or luteinizing hormone (LH); do not develop obesity; and show similar ovarian weight, serum levels of cholesterol, free fatty acids, leptin, TNFα, and IL-6 relative to controls even up to 3.5 months after DHT insertion (21, 22, 31) .
Due to the interconnected nature of the hypothalamic-pituitary-gonadal axis, effects of excess androgens could be exerted at multiple levels of the axis (22, 32) . While some androgen effects occur in the brain, as reported by others (32, 33) , whether ARs in gonadotropes contribute to the dysregulation of female estrous cycles and gonadotropin secretion is unknown. To define how androgen/AR in the pituitary contributes to reproductive dysfunction, and the molecular mechanisms that are underlying the pathophysiology, we used the 2xDHT mouse model with intact (Control; AR fl/fl , Cre -) or disrupted AR in gonadotropes (PitARKO; AR fl/fl , Cre +/-) (34) to probe the role of AR in gonadotrope cells ( Figure 1 ). Since pituitary responsiveness to gonadotropin-releasing hormone (GnRH) stimulation is disrupted by high androgen levels (35) in vitro, and because GnRH-mediated increases in cytosolic Ca 2+ are crucial for exocytosis of LH granules (36, 37), we studied GEM, a GTP-binding protein that binds calmodulin to reduce Ca 2+ influx (36) (37) (38) . Our findings demonstrate important roles for gonadotropic AR in reproduction as an extraovarian regulatory factor. Gonadotropic AR-mediated reproductive dysfunction may act through GEM, reducing LH secretion from the pituitary in the presence of DHT.
Results

DHT disrupts estrous cyclicity in control but reserved in PitARKO mice.
To explore the role of pituitary AR in hyperandrogenic-induced abnormal cyclicity, we analyzed 4 groups of mice (control-no DHT [Con-no DHT], Con-DHT, PitARKO-no DHT, and PitARKO-DHT). Since PitARKO mice bore a reduced number of pups compared with control littermates under normal androgen conditions (34), we compared reproductive physiology in mice with the same genotype as described (32) . As expected, we observed that Con-DHT mice spent significantly less time in proestrus and estrus phases and more time in diestrus and metestrus than Con-no DHT mice ( Figure 2, A and B) . The time in proestrus of PitARKO-DHT mice was approximately 70% compared with Con-no DHT mice, without a significant reduction compared with PitARKO-no DHT. In PitARKO-DHT mice, estrous cyclicity was virtually indistinguishable from PitARKO-no DHT mice.
Androgen-induced fertility impairment was reduced in PitARKO mice. Pups and litters per dam were recorded during 90 days of mating and displayed as a fertility plot (for brevity, only fertility plots from PitARKO-DHT and Con-DHT groups are shown; Figure 3A ). Fertility data from all 4 groups were further analyzed to assess total number of litters and pups per female. The number of litters ( Figure 3B ) and pups per female ( Figure  3C ) were both significantly reduced in control mice treated with DHT (Con-DHT vs. Con-no DHT). While the number of litters from PitARKO-DHT mice was reduced when compared to Con-no DHT mice, the reduction in litter size was greater than the reduction in litter size of PitARKO-no DHT mice. Also, the number of pups was reduced when compared with Con-no DHT, but the reduction was not significant compared with PitARKO-no DHT mice. Importantly, the number of litters and pups was significantly higher in PitARKO-DHT mice compared with Con-DHT mice ( Figure 3 , B and C), which suggests that Ar-KO in gonadotropes partially mitigated the impairment in fertility caused by androgens. As we have previously reported, under normal androgen levels, PitARKO mice have a similar number of litters compared with control mice, while the number of pups was significantly reduced (Figure 3 and ref. 34) .
Androgen-induced disruption of ovulation was mitigated in hyperandrogenic mice lacking gonadotropic AR. Morphology of representative ovaries from Con-no DHT, Con-DHT, PitARKO-no DHT, and PitARKO-DHT mice is shown in Figures 3, D -G. A marked difference was shown in abundance of corpora lutea (CLs) that serves as an anatomical marker of recent ovulation. CLs were much less common in the ovaries of the Con-DHT mice than in any of the other 3 groups (Figure 3 , D-H). Con-DHT ovaries had significantly fewer CLs compared with ovaries from Con-no DHT mice. However, the number of CLs in PitARKO-DHT ovaries were not significantly different from ovaries from PitARKO-no DHT females.
Pituitary responsiveness to GnRH stimulation was preserved in PitARKO-DHT mice. To investigate the effects of DHT on pituitary responses to GnRH, control and PitARKO female mice, with or without DHT, were stimulated with GnRH, and LH levels were analyzed. While all 4 groups had the same basal levels of LH ( Figure 4A ), following GnRH stimulation, the Con-DHT mice had a significantly attenuated LH release when compared with Con-no DHT mice. In contrast, both PitARKO-no DHT and PitARKO-DHT had levels of LH release indistinguishable from one another or Con-no DHT mice. As expected, follicular stimulating hormone (FSH) levels were not altered 20 minutes after GnRH treatment across all 4 groups ( Figure 4B 
PitARKO abolished DHT-induced upregulation of Gem expression to potentiate LH secretion in response to GnRH stimulation.
To further investigate the mechanisms by which AR causes DHT-induced loss of pituitary responsiveness, we examined pituitary mRNA expression ex vivo in cultured pituitaries from control mice. We observed that Lhb mRNA levels were significantly reduced 42 hours after DHT treatment. However, Gem transcripts, inhibitors of voltage-dependent calcium (Ca 2+ ) channels, were upregulated following DHT treatment ( Figure 4 , E and F). We then examined RNA expression in vivo, harvested from pituitaries of each of the 4 groups of mice. We confirmed that Ar mRNA expression in pituitary was significantly lower in PitARKO mice compared with control mice with or without DHT (with normal Tshβ mRNA; ref. 34) . Lhb mRNA was not significantly different between groups, which differed from the results obtained from the ex vivo model (Figure 4 , E-H).
However, in concordance with the ex vivo model, Gem was upregulated upon DHT treatment in pituitaries from Con-DHT compared with no-DHT-treated mice, while PitARKO mice did not have DHT-induced upregulation of Gem ( Figure 4I ).
Calcium signaling in response to GnRH stimulation was preserved in pituitaries from PitARKO mice. Inhibition of Ca 2+ channels by GEM reduces Ca 2+ -triggered exocytosis in hormone-secreting cells; this is true for LH secretion from gonadotropes, which requires exocytosis, a process highly dependent on intracellular calcium concentration. To investigate whether DHT treatment inhibits Ca 2+ concentration via AR signaling in the pituitary, we performed an intracellular calcium kinetics assay using ex vivo primary pituitary cells. We observed that DHT treatment dramatically inhibited the intracellular calcium rise in control pituitaries in response to 50 nM GnRH stimulation compared with non-DHT treated pituitaries. Pituitary cells from PitARKO mice exhibited similar intracellular calcium increases, regardless of DHT treatment following 50 nM ( Figure 5 , A and B) or 10 nM (data not shown) GnRH stimulation. These results are consistent with our observation that DHT treatment can upregulate Gem and diminish LH secretion in response to GnRH stimulation.
AR binds to the promoter of Gem and increases Gem promoter expression.
In order to examine if AR directly binds the promoter of the Gem gene to regulate transcription, we scanned a 5,000-bp region of the Gem promoter and found 2 putative consensus binding sites for AR (androgen response elements; ARE). ChIP was performed to validate AR binding to these elements. As shown in Figure  5 , C-E, DHT treatment significantly increased occupancy of AR on Gem promoter binding site 1 (between -607 and -593 [tagcacaagctgctt]), and an increase (though not significant) in occupancy on Gem promoter binding site 2 (between -510 and -496 [tgggacatactgctt]) is shown. There was almost no detectable AR binding to the Gem promoter in pituitaries of PitARKO-DHT mice ( Figure 5F ) after immunoprecipitation. AR is mainly expressed in gonadotropes (39, 40) . Although gonadotropes only occupy 10% of pituitary cells, PitARKO mice showed more than 50% reduction of AR expression (34) . Further, DHT treatment significantly increased Gem promoter luciferase expression compared with empty vector, as shown in Figure 5G .
Discussion
Several lines of evidence indicate that pituitary responsiveness to GnRH stimulation is disrupted by testosterone (35, 41, 42) . Foecking et al., demonstrated that DHT treatment led to suppression of LH surges and basal LH secretion. When we used 10 nM DHT ex vivo, levels used by Foecking et al. (41, 42) , we also observed reduced basal LH secretion in control mice. Further, testosterone has been shown to suppress LH and FSH secretion independently of peripheral aromatization in both men (43) (44) (45) and women (9, 43) . Although LH is often elevated in women with PCOS and in nonrodent animal models of PCOS, this could be due to the timing of androgen exposure, adult vs. gestational androgen exposure, and not the species differences. This indicates that, although species differences exist in the neuroendocrine regulation of ovulation, DHT reduces pituitary responsiveness to GnRH in both animal and human models and in humans. One explanation is that acquired androgen excess (DHT treatment in adult females) may be fundamentally different from developmental exposure to androgen excess regarding LH secretion, such as PCOS, which often show increased LH pulse frequency and enhanced pituitary response to GnRH stimulation (46) . Women with elevated androgen levels frequently present with disrupted gonadotropin secretion (17) , and confirming a role for AR, women with PCOS (or PCOS-like model in rodent) have recovered ovulation after long-term treatment with the competitive AR antagonist, flutamide (18, (47) (48) (49) (50) (51) . Further, although anovulatory women with PCOS have higher basal levels of LH, LH surge is indeed inadequate. Pituitaries were isolated from female mice at diestrus after 7-10 weeks pellet insertion. Ar (G); Lhβ (H), Gem (I) mRNA displayed as relative fold to Con-no DHT. n = 4-6 mice per group. Data were compared by 2-tailed Student's t test. *P < 0.05; **P < 0.01; ***P < 0.001. These females did not show any LH surges during 40 days of monitoring, and LH surges were only restored after long-term flutamide treatment (18) . Collectively, clinical observations, animal models, and pharmacological studies have provided strong evidence to support the direct involvement of elevated androgen levels and its receptor (AR) in mediating actions of dysregulated female reproductive physiology (52) (53) (54) . Understanding how androgen/AR affects reproduction through animal models is important for developing improved clinical interventions for treating reproductive dysfunction.
Female mice exhibit a 2-fold increase in testosterone levels compared with basal levels during the preovulatory surge (34) , and this has been shown to be required for normal rates of ovulation; however, higher chronic doses of androgens reduce rates of ovulation (55) . Serum androgen levels in women with PCOS or women with corrected CAH are approximately 2-to 3-fold higher than in healthy women (4, 56, 57) . Because of this, and in contrast to other models, we created a model with DHT insertion, which produces serum androgen levels that are approximately 2-fold higher than in untreated mice. In general, female testosterone levels are very low; therefore, the DHT levels are also very low. The circulating DHT levels in our DHT-treated mice were 2-fold higher than untreated mice, suggesting that the pituitary in DHT-treated mice were also exposed to 2-fold higher DHT levels than untreated mice. Women with PCOS have higher levels of circulating androgens, and it is logical to expect that higher DHT levels would be found in tissues that have 5α-reductase. The 2xDHT levels in vivo may not reflect the highest levels of DHT in the pituitary. However, the 10 nM DHT level we used ex vivo is comparable with male levels of DHT and may result in levels much higher than achieved with in vivo treatment.
Dissecting the effects of AR in the pathophysiology of elevated androgen levels is complicated and difficult using approaches that involve global AR KO. Because AR is widely expressed in different tissues and cell types, the extent to which circulating androgens impact these tissues and contribute to observed reproductive effects remains unclear. Mice with conditional AR KOs have helped to define the tissue-specific mechanism of action of androgen signaling. Females with ovarian theca ARKO (ThARKO) exhibit normal reproductive function under normal androgen conditions (22) . However, ThARKO-DHT mice showed improved estrous cyclicity, ovulation, and fertility compared with Con-DHT mice, though function was not equivalent to WT or ThARKO females without DHT (22) . Central nervous system AR KO mice showed normal reproductive function (our unpublished data and ref. 32 ) under normal androgen conditions. However, under conditions of androgen excess, these mice still exhibited aberrant cyclicity and only had a partial mitigation of DHT-induced reductions in CL (32, 58) . Therefore, these studies do not explain the entirety of the reproductive dysfunction caused by DHT.
We previously reported that the expression of AR (both protein and mRNA) in ovaries is the same between control and PitARKO mice (34) . Consistent with previous findings from our laboratory (34) , in the absence of elevated androgen levels, PitARKO female mice are fertile, although they did have fewer pups per litter than controls. In the presence of high androgen levels, control mice became acyclic and infertile while PitARKO mice, like ThARKO mice, exhibited reduced acyclicity and infertility compared with Con-DHT. However, PitARKO-DHT mice had only a partial reduction in infertility, since these mice still showed reduced litters compared with both PitARKO-no DHT and Con-no DHT, as well as a reduced number of pups compared with Con-no DHT (Figure 3 , B and C). PitARKO-DHT mice also showed reduced time (length) of proestus than PitARKO-no DHT, although the reduction was not significant. The time of proestrus in PitARKO-DHT mice is roughly 70% of that compared with Con-no DHT mice. Therefore, deletion of ARs in either gonadotropes or theca cells only partially mitigated the adverse effects of androgens on fertility and cyclicity. These observations demonstrate that ARs in pituitary gonadotropes play a vital role in hyperandrogenemic-induced infertility and further demonstrate that each component of the hypothalamic-pituitary-gonadal axis contributes to hyperandrogenemia-induced reproductive dysfunction (32, 34) .
Gonadotropes located in the anterior pituitary secrete LH and FSH following GnRH stimulation. We observed that hyperandrogenemia did not affect basal LH levels in vivo. However, under hyperandrogenemic conditions, while Con-DHT mice showed reduced LH secretion in response to GnRH, PitARKO mice did not exhibit attenuated LH levels ( Figure 4A ). Therefore, deletion of AR in gonadotropes preserved LH secretion and pituitary responses to GnRH in hyperandrogenized adult mice. Although GnRH analogstimulated LH release was only modestly impaired by DHT in control mice ( Figure 4A) , and large amplitude LH surges are not required for ovulation in mice, we suspect that there is a threshold for LH-stimulated ovulation and that the number of eggs to be released is partially controlled by the amplitude of LH in DHT-treated mice. As previously reported (22) , LH receptor expression is reduced in ovaries after DHT treatment; therefore, the ovary may be less responsive to LH stimulation (or less sensitive due to reduced LH receptor and or other factors). LH levels may not have reached the threshold for ovulation in Con-DHT mice compared with Con-no DHT mice. This interpretation is supported by our new data with superovulation regimen. DHT-treated mice released significantly fewer eggs compared with no DHT-treated mice after 5 units of Human chorionic gonadotropin (hCG), consistent with the conclusion that the ovary is less responsive to LH stimulation. However, DHT-treated mice with 10 units of hCG released an identical number of eggs compared with no DHT-treated mice, further demonstrating that the amplitude of LH is important for ovulation (Supplemental Figure 1) .
In female mice, the gonadotropic LH surge stimulates ovulation, which is an essential process in fertility and is induced by positive feedback of estradiol on the hypothalamus and pituitary. To explore whether positive feedback regulation was disrupted by DHT in our model, as it was observed in rats (42), we used a surge induction paradigm that produced LH surge generation within 1 hour before lights off (8 p.m.) on the next day of estradiol injection. As observed before (59) , LH levels at 10 a.m. and 9 p.m. were low at values similar to the basal level of mice before OVX (data not shown). Therefore, the LH levels at 10 a.m. were used as the baseline. We observed reduced LH surges in Con-DHT mice compared with Con-no DHT and PitARKO-DHT mice (Supplemental Figure 2) at 8 p.m. Given that pituitary responsiveness is a prerequisite for ovulation, DHT-induced attenuation of the LH secretion and reduced sensitivity of ovary to LH may explain why there were fewer CL in adult Con-DHT mice.
Androgens can act on the brain and pituitary to influence pituitary function directly or indirectly. Furthermore, there are complex positive and negative feedback loops involving the ovary at both the hypothalamus and pituitary levels that influence gonadotropin secretion. To avoid these issues and directly assess androgen effects by AR in gonadotropes, we tested androgen/AR-mediated actions in isolated pituitary cultures obtained from control mice. As shown in vivo ( Figure 4A ), ex vivo primary pituitary cultures confirmed that chronic androgen treatment decreased LH secretion in response to GnRH stimulation ( Figure  4C) ; however, DHT did not reduce LH secretion after GnRH stimulation in PitARKO mice (Supplemental Figure 3) . We observed that Lhβ expression was significantly reduced in DHT-treated primary cultured pituitaries compared with vehicle-treated pituitaries ex vivo -but not in vivo. This may be due to the action of other factors in vivo that interfere with DHT effects on the Lhβ expression.
LH ] i peak was reduced and the plateau phase of increased Ca 2+ concentration was abolished. GnRH stimulated calcium spikes and LH secretion are dependent on both the extracellular Ca 2+ -independent and extracellular Ca 2+ -dependent (influx) phase. Voltage-gated calcium entry is required for sustained agonist-induced Ca 2+ spiking and LH secretion (61) . Therefore, reduction in calcium signaling cause by DHT could be due to reduced calcium influx and or impaired calcium mobilization. The reduction of the calcium spike following GnRH stimulation in hyperandrogenized control pituitaries resulted in reduced LH release, while hyperandrogenized pituitary cells from PitARKO mice exhibited a Ca 2+ spike and LH secretion similar to non-DHT-treated cells ( Figure 5, A and B) . While the PitARKO mouse model allows for isolation of effects of pituitary AR from other tissues in DHT-induced reproductive physiology, tissue specificity of androgens' effects are further confirmed by our ex vivo studies in isolated pituitary cell preparations. When we measured calcium signaling in pituitaries from mice treated with DHT for 6 weeks, differences in calcium signaling were only present after GnRH dosages were 10 nM or higher (50 nM). According to another report, differences in LH secretion were the greatest between vehicle-and DHT-treated cultured pituitary cells when GnRH concentrations were between 10 nM and 100 nM (62) . Therefore, we used 50 nM GnRH in this ex vivo experiment.
The AR is a member of the nuclear hormone family of transcription factors but can also mediate androgens action via nonnuclear mechanisms. Direct interactions with the Gem promoter were demonstrated by ChIP ( Figure 5, C-F) , suggesting a direct transcriptional regulatory mechanism of action for AR-mediated activation of Gem expression, which in turn may contribute to reduced calcium influx and reduced LH secretion. This finding highlights one molecular mechanism by which AR may contribute to regulation of LH secretion.
In summary, AR in gonadotropes contributes hyperandogenemia-induced reproductive dysfunction in adult mice. We propose that chronic hyperandrogenemia upregulates the VDCC inhibitor GEM, which inhibits calcium influx in response to GnRH and decreases pituitary responsiveness, thus diminishing LH secretion causing anovulation and infertility ( Figure 6 ). ) were maintained in our laboratory -the same mouse line as previously described in a mixed background (C57BL/6, CD1, and 129Sv) (34) . To generate hyperandrogenic females, 2-month-old adult females had s.c. insertion of an 8-mm length pellet containing a 4 mm length of crystalline 5α-dihydrotestosterone (DHT) (DHT mice: Con-DHT; PitARKO-DHT) or an empty pellet (no-DHT mice: Con-no DHT; PitAR-KO-no DHT). To maintain the constant level of androgen excess in DHT females, DHT or no-DHT pellets were replaced every 4 weeks during the study (21-23, 31, 63) . All experiments were conducted in female mice, and all procedures were approved by the Johns Hopkins Animal Care and Use Committee.
Methods
Assessment of estrous cyclicity and reproductive phenotypes in hyperandrogenic females. To examine whether estrous cyclicity was disrupted equally in both Con-DHT and PitARKO-DHT females, females implanted with DHT or an empty pellet were divided into 2 groups. Group 1 was assessed for estrous cyclicity by assessing vaginal smear cytology for 16 consecutive days starting 3 days after DHT treatment. The stage of the estrous cycle was determined and classified as proestrus, estrus, and metestrus/diestrus based on observed ratios of cornified epithelial, nucleated epithelial, and polymorphonuclear leukocytes, as described in ref. 64 . The examiners were blinded to genotypes during all data collection.
Fertility was assessed in group 2. Fifteen days after insertion of DHT or empty pellets, females were mated with proven fertile control males in a monogamous manner. Pups and litter size from pregnant mice with and without DHT were recorded and counted for 90 days. Quantitative PCR. Pituitaries were isolated from mice at diestrus that had been treated with DHT or empty pellets for more than 6 weeks. Total RNA was extracted from the pituitaries by Trizol and reversed transcribed to cDNA with iScriptTM cDNA synthesis kit (catalog 1708891, Bio-Rad) following the manufacturer's instructions. Messenger RNA transcripts of genes (Lhb, Gem, Ar, and Gapdh) and Gem promoter gene expression were measured by quantitative PCR (qPCR) using iQSYBR green reagent according to the manufacturer's protocol (Bio-Rad). Gapdh was used as the internal control. Primers are listed in Table 1 .
Ex vivo primary pituitary cell culture and GnRH stimulation. Adult control or PitARKO mice without DHT insertion were sacrificed at diestrus by CO 2 asphyxiation and decapitated before their pituitaries were collected. The pooled pituitaries (3-5 pituitaries) were washed with 10 ml of 10% FBS DMEM (Cellgro, 10-013-CV) at 2500 g for 5 minutes. Afterward, the pituitaries were washed with 10 ml HBSS at 2500 g for 5 minutes, followed by sequential digestions with collagenase (Sigma # C0130, 2ml 1.5 mg/ml collagenase /10 pituitaries) for 2 hours at 37°C and in pancreatin solution (Sigma # P3292, 4.5 mg/ml pancreatin) for 15 minutes at 37°C. Finally, pellets were washed with 10% FBS DMEM followed by centrifugation at 2500 g for 5 minutes. The primary pituitary cells were counted and placed into Matrigel-coated 24-well (cell density is around 0.5 × 10 6 /well) or 384-well (1.5 × 10 4 /well) plates and incubated for 24 hours in DMEM-phenol red with 10% FBS, 100 U/ml penicillin, and 100μg/ml streptomycin (Gibco, ThermoFisher Scientific) (65) (66) (67) (68) . Cells were then cultured in 1 nM and 10 nM DHT or vehicle (no DHT) for 42 hours. We chose a 42-hour DHT incubation time because we observed that DHT inhibited GnRH-stimulated LH secretion in cultured primary pituitary cells after 36-48 hours of DHT treatment (data not shown). Cells were incubated with serum-free medium without phenol red for 3 hours before GnRH stimulation. GnRH was added into medium, and media were collected after 2-hour treatment. LH and FSH levels were measured by a Luminex assay or an ultrasensitive LH ELISA. Treatments were performed in triplicate or quadruplicates, and experiments were independently repeated at least 3 times.
Superovulation and egg retrieval. Female mice at diestrus after 3 weeks of DHT or no-DHT treatment were administered 5 IU or 10 IU of hCG (catalog C1063-1VL, MilliporeSigma) and were euthanized between 14-16 hours after the hCG injection. The oviducts were collected and the transparent ampulla region of each oviduct was torn open to release the cumulus-oocyte complexes (COCs) into PBS, and oocytes were counted.
Inducing LH surges with DHT and estrogen. The mouse surge protocol was adapted from refs. 41 and 59. Adult female mice were implanted with DHT for 3 days, and on the third day of DHT treatment, mice were ovariectomized (OVX) in the morning and treated with 50 μl of 17β-estradiol (20 ng/μl in sesame oil, Mice were treated with a DHT pellet or empty pellet for at least 3 weeks. Pituitaries were isolated at diestrus; primary pituitary cells were cultured in 384-well plates and treated with or without DHT (10 nM) for 42 hours and starved for 3 hours before calcium kinetic assay. Calcium dynamics in these cells were measured immediately after treatment with GnRH (10 nM or 50 nM) by the Johns Hopkins Chem Core Facility using a modified protocol described previously (69) . Briefly, intracellular calcium signals were detected with BD Calcium Assay Kit (catalog 640176, BD Biosciences) following manufacturer's instructions. Briefly, 25 μl/well of culture medium were placed in a 384-well plate and the wells were then loaded with 25 μl 1× dye-loading solution and incubated for 1 hour at 37°C. GnRH agonist was added (5 μl/well) by a FlexStation (Molecular Devices), and the kinetic curve of calcium response signals were continuously recorded before and after GnRH addition. Readings (excitation: 480nm; emission: 540 nm) were performed at 1-second intervals. A fluorescence ratio (480/540 nm ratio) was then calculated.
Ovarian histology. Ovaries were dissected from mice at diestrus that had been treated with pellets for more than 6 weeks. One ovary was snap frozen in liquid nitrogen for RNA or protein isolation. The other ovary was fixed in 10% formalin phosphate buffer, and the paraffin embedded ovary was sectioned at 5 μm thickness; every 10th section (total of 5 sections) was collected and stained with H&E at the Johns Hopkins Histology Core Facility. Ovaries were examined, and CLs were counted with a Zeiss microscope (70) .
Androgen binding site prediction and validation with ChIP. The regulatory sequence analysis tools (RSAT) web server (http://rsat.ulb.ac.be/rsat/) can predict putative cis-regulatory elements and regions. The approach applies to known transcription factors, whose binding specificity is represented by position-specific scoring matrices, using the program matrix-scan. AREs consist of a 15-bp partially palindromic motif: GGTACAnnnTGTTCT, or containing the core requirement of 3 (which are underlined) out of 4 guanines contacts (71) . To predict androgen receptor binding sites, we scanned between -5,000 bp and the transcriptional start site of the Gem gene.
To validate the putative androgen receptor binding sites of the Gem promoter, ChIP was performed. Control mice were treated with a DHT pellet or a non-DHT pellet for 3 weeks as described above. The mice were sacrificed, and pituitaries were collected and frozen immediately in liquid nitrogen. ChIP was performed with ChIP-IT Express Chromatin Immunoprecipitation Kits (catalog 53008, Active Motif) following the instructions. Anti-Androgen Receptor antibody (catalog 74272; Abcam, Cambridge, MA) and Anti-histone H4 antibody (catalog sc-25260; Santa Cruz, Dallas, TX) were used as a positive control in immunoprecipitation. Pituitaries isolated from PitARKO-DHT were used as negative control. qPCR was performed with qPCR kit (catalog 170-8882, iQTM SYBR Green Supermix, Bio-Rad) following the instructions. Primers are listed in Table 1 .
Androgen regulation of Gem promoter luciferase expression. To analyze whether DHT directly regulates gem expression, the Gem promoter (3006 bp of length from the transcription start site) encompassing the two predicted AR binding sites was inserted into PA3-LUC firefly luciferase reporter construct (Gem-LUC). TK-Renilla was used as an internal control. WT AR plasmid (72) and Gem-LUC were cotransfected into 96-well H2.35 cell lines to test the Gem promoter activity. DHT was applied to the cells at the doses of 0, 1, 10, or 100 nM. Empty vector PA3-LUC (replaced Gem-LUC) with the same treatment was used as a basal control. The fold change is expressed as the relative firefly/renilla luciferase values vs. its empty vector value (basal control). Three independent experiments were conducted -each one with 4-8 replicates.
Statistics. Data were analyzed by an unpaired Student's t test (2-tailed), by 1-way ANOVA followed by Tukey's post hoc test, or 2-way ANOVA followed by Sidak's multiple comparisons test (specifically addressed in figure legends) accordingly using GraphPad Prism (GraphPad Software). All results are expressed as means ± SEM. Statistical significance was defined as P < 0.05.
Statistics. All procedures were approved by the Johns Hopkins Animal Care and Use Committee.
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